Isoform 2 of the ryanodine receptor (RyR2) is the major calcium release channel in cardiac muscle. In the present study, two kinds of RyR2 cDNA were constructed, one encoding the wild type mouse RyR2 (RyR2 wt ) and the other encoding modified RyR2, into which was inserted a cDNA encoding green fluorescent protein (GFP). GFP was inserted into the divergent region 1 (DR1) of RyR2, after the Asp-4365 (RyR2 D4365-GFP ). HEK293 cells expressing both RyR2 wt and RyR2 D4365-GFP cDNAs showed caffeine-and ryanodine-sensitive calcium release, demonstrating that both wild type and modified RyR2s form functional calcium release channels. Cells expressing the fusion protein, RyR2 D4365-GFP , were readily identified by their fluorescence due to the presence of GFP, indicating that the inserted GFP folded properly. Both expressed RyR2s were purified from cell lysates in a single step by affinity chromatography using a GST-FKBP12.6 as the affinity ligand. Cryoelectron microscopy of purified RyR2s showed structurally intact receptors, and three-dimensional reconstructions were obtained by single particle image processing. The three-dimensional reconstruction of RyR2 wt appeared very similar to that of the native RyR2 purified from dog heart. The location of the inserted GFP, and consequently of DR1, was mapped on the three-dimensional structure of RyR2 to one of the subunit's characteristic domains, domain 3, also known as the "handle" domain. This study describes the first internal fusion of a protein into a ryanodine receptor, and it demonstrates the potential of this technology for localizing functional and structural domains on the threedimensional structure of RyR.
The cardiac ryanodine receptor, also known as type 2 ryanodine receptor (RyR2), 1 functions as a calcium release channel in the heart, where it plays a crucial role in excitation-contraction coupling (1) . Influx of Ca 2ϩ through the cardiac L-type voltage-gated Ca 2ϩ channel on the plasma membrane triggers RyR2 to release Ca 2ϩ from the sarcoplasmic reticulum into the cytoplasm (2) . The resulting increase in cytoplasmic [Ca 2ϩ ] activates the myofilaments to generate cardiac muscle contraction.
Recently, mutations of RyR2 have been implicated in some heart diseases (3) . At least 21 RyR2 mutations are now linked to genetic forms of sudden cardiac death: catecholaminergic polymorphic ventricular tachycardia (4, 5) , familial polymorphic ventricular tachycardia (6) , and arrhythmogenic right ventricular cardiomyopathy type 2 (7) . In addition, Marx and co-workers have proposed that hyperphosphorylation of RyR2 by protein kinase A, which causes dissociation of the regulatory FKBP12.6 subunit from RyR2, affects RyR2 functioning and contributes to the ventricular arrhythmias that often occur during heart failure (8) .
Two other mammalian isoforms of the ryanodine receptor (RyR), in addition to RyR2, have been identified and cloned (9 -13) . RyR isoform 1 (RyR1) is the major calcium release channel in skeletal muscle, and RyR isoform 3 (RyR3) is widely expressed in many tissues. These RyR isoforms, encoded by three different genes, share a high degree of sequence homology. For example, the amino acid sequence of rabbit RyR2 is 67 and 70% identical to RyR1 and RyR3, respectively (11, 13) . Therefore, the isoforms are expected to have essentially identical three-dimensional structures, except in a few limited regions corresponding to locations of high primary sequence diversity. Three such regions of high variability have been identified (14) and named divergent regions 1, 2, and 3 (DR1, DR2, and DR3). DR1 is the largest of the divergent regions, comprising residues 4254 -4631 of RyR1 and residues 4210 -4562 of RyR2 (14) . DR1 includes at least one transmembrane domain, one intraluminal loop, and one cytoplasmic loop, according to the predicted transmembrane topologies (9 -12) .
In a previous study, we overexpressed RyR3 in HEK293 cells and purified the functional protein for structural studies (15) . In the present study, mouse RyR2 was expressed in HEK293 cells, purified in a single step by affinity chromatography, and studied by cryoelectron microscopy (cryo-EM) and three-dimensional reconstruction. As shown by our previous study on RyR3, an advantage of using cloned receptors for quantitative EM is that genetic manipulations can be made that effectively create sequence-specific labels. Here we have explored the utility of insertional gene fusions involving green fluorescent protein (GFP) for this purpose. GFP has been well established as a * This work was supported by the Muscular Dystrophy Association and National Institutes of Health Grant AR40615 (to T. W.) and by research grants from the Canadian Institutes of Health Research and the Heart and Stroke Foundation of Alberta, Northwest Territory, and Nunavut (to S. R. W. C.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ To whom correspondence and reprint requests should be addressed: Wadsworth Center, New York State Department of Health, Albany, NY 12201-0509. Tel.: 518-474-7895; Fax: 518-474-7992; E-mail: liuz@ wadsworth.org. 1 The abbreviations used are: RyR2, type 2 RyR or cardiac RyR; RyR, ryanodine receptor; RyR1 and -3, RyR isoform 1 and 3, respectively; DR1, -2, and -3, divergent region 1, 2, and 3, respectively; EM, electron microscopy; FKBP12.6, 12.6-kDa FK506-binding protein; GFP, green fluorescent protein; GST, glutathione S-transferase; PIPES, 1,4-pipera-reporter protein for monitoring gene expression and protein targeting (16) , and it appears to be a good choice as an insertional fusion protein, because its characteristic green fluorescence depends on the proper folding of the protein (17, 18) . Indeed, this approach has been shown to be feasible for structural analysis of surface-exposed regions of icosahedral viruses by cryo-EM (19) . Proteins of the size of GFP (molecular mass 28 kDa) are easily visualized and mapped by image processing, even at moderate (ϳ3-nm) resolution. In this study, a modified RyR2, containing GFP inserted after Asp-4365 within DR1, and termed RyR2 D4365-GFP , was characterized by cryo-EM and three-dimensional reconstruction. This approach should be generally useful for mapping the RyR2 linear sequence onto the three-dimensional structure of the receptor, thereby providing insights into the structural basis of RyR2 functions.
EXPERIMENTAL PROCEDURES
cDNA Construction of RyR2 wt and RyR2 D4365-GFP -The cloning and construction of the 15-kb cDNA encoding the mouse cardiac muscle RyR2 have been described previously (20) . The DNA encoding GFP flanked by Gly-rich linkers and an AscI site ( Fig. 1) was obtained by PCR, using the following primers: 5Ј-GGG CGC GCC GGT GGA GGT GGA AGT GGA GGT GGA GGT ACT ATG GTG AGC AAG GGC GAG GAG CTG-3Ј and 5Ј-GGC GCG CCC ACC ACC TCC TCC AGA TCC TCC ACC ACC CTT GTA CAG CTC GTC CAT GCC GAG-3Ј. The AscI site was introduced into the DR1 of RyR2 after Asp-4365 by overlapextension PCR, using the following primers: 5Ј-GAC CTG ACA GAC GGG CGC GCC CTG ACA GAG GAG AGT GAT-3Ј and 5Ј-CTC CTC TGT CAG GGC GCG CCC GTC TGT CAG GTC TTC AGA-3Ј. Then the AscI fragment containing GFP and linkers was subcloned into fulllength RyR2 wt after Asp-4365. The sequences of all PCR fragments were verified by DNA sequencing.
Expression and Purification of RyR2s-HEK293 cells were transfected with RyR2 cDNAs (RyR2 wt or RyR2 D4365-GFP ) using calcium phosphate as described previously (21, 22) . The transfected HEK293 cells were detergent-lysed in buffer (25 mM Na-PIPES, pH 7.2, 140 mM NaCl, 5 mM EGTA, 2.5 mM dithiothreitol, 1% CHAPS, 0.5% egg lecithin, and a protease inhibitor mix (2 mM benzamidine, 4 g/ml leupeptin, 2 g/ml pepstatin A, 4 g/ml aprotinin, 0.75 mM phenylmethylsulfonyl fluoride)) and incubated on ice for 1 h. Insoluble material was removed by sedimentation, and sucrose (400 mM, final concentration) and NaCl (400 mM, final concentration) were added to the supernatant. Glutathione-Sepharose beads (100 l) bound with 400 g of GST-FKBP12.6 were added to the cell lysate supernatant. The mixture was incubated at 4°C with rotation for 2 days. The beads were collected by centrifugation and washed four times with the lysis buffer containing 0.5% CHAPS and 0.25% egg lecithin. The RyR2s were eluted from the beads by incubation with 100 mM glutathione, in buffer (25 mM Na-PIPES, pH 7.2, 400 mM NaCl, 400 mM sucrose, 1 mM EGTA, 0.2 mM CaCl 2 , 2.5 mM dithiothreitol, 0.4% CHAPS, 0.16% egg lecithin, 200 mM Tris/Hepes, pH 7.4, and the protease inhibitor mix) for 15 min. The elution was aliquoted, frozen in liquid nitrogen, and stored at Ϫ90°C. Cryoelectron Microscopy and Image Processing-The purified RyR2 wt or RyR2 D4365-GFP was diluted 5-10-fold with EM dilution buffer (20 mM Na-PIPES, pH 7.2, 400 mM KCl, 3 mM EGTA, 0.5% CHAPS, 2 mM dithiothreitol, and 2 mg/ml leupeptin). The cryoelectron microscopy procedures have been previously described in detail (15) . Selected electron micrographs were digitized using a Eurocore Hi-Scan microdensitometer (Saint-Denis, France). Image processing was performed using the SPIDER/WEB software package (24). 4-fold symmetry was enforced for all the two-dimensional averages and three-dimensional reconstructions. Three-dimensional reconstructions were obtained by the projection matching procedure (15, 25) . For the recombinant RyR2 wt and RyR2 D4365-GFP , totals of 10,630 and 6,163 particle images were selected from 65 and 40 micrographs, respectively. The final three-dimensional reconstructions of RyR2 wt and RyR2 D4365-GFP were computed from 4,365 and 3,961 particles, and the resolution in each was estimated by computing two independent reconstructions (from even-and odd-numbered particles) and using the Fourier shell correlation criteria with a cut-off of 0.5 (26) .
RESULTS

Construction, Expression, and Purification of RyR2 wt and
RyR2 D4365-GFP -We designed a chimeric cDNA of RyR2 with the entire 238-amino acid GFP sequence inserted after Asp-4365 in DR1 (Fig. 1) . Asp-4365 and nearby amino acids show strong hydrophilicity and are predicted to be surface-exposed FIG. 1. Construction of RyR2 wt and RyR2 D4365-GFP cDNAs. The cloning and construction of the cDNA encoding the mouse cardiac muscle RyR2 wt have been described previously (20) . The cDNA of RyR2 D4365-GFP was designed such that the entire GFP sequence, with Gly-rich spacers on each side (19) , is inserted after the Asp-4365 in the DR1.
Three-dimensional Reconstruction of Recombinant RyR2
on RyR2; hence, the GFP insertion was anticipated to have a minimal effect on the structure and function of RyR2. To further minimize potential disruptive effects of the insertion on folding of both GFP and RyR2, two Gly-rich spacers were added to flank either side of the GFP (19) .
The cDNAs corresponding to the fusion protein RyR2 D4365-GFP and to RyR2 wt were expressed in HEK293 cells. Fig. 2 shows phase-contrast and fluorescence microscopy images of the HEK293 cells expressing the RyR2 D4365-GFP . The green fluorescent color indicates that the inserted GFP folded properly.
RyR2 wt expressed in HEK293 cells has been shown to function as a Ca 2ϩ release channel (20, 27) . To determine whether RyR2 D4365-GFP is functional as well, we measured the Ca 2ϩ release response to ryanodine and caffeine in transfected HEK293 cells using the fluorescence Ca 2ϩ indicator dye fluo-3. As shown in Fig. 3A , RyR2 D4365-GFP -transfected HEK293 cells that had not been pretreated with ryanodine responded to repeated caffeine stimulations as expected, since caffeine is a known activator of RyR channel activity. In contrast, treatment of HEK293 cells with ryanodine alone did not cause Ca 2ϩ release, but cells pretreated with ryanodine did respond to the first caffeine stimulation, although they did not respond to second and third caffeine stimulations (Fig. 3B) . The explanation of this behavior is as follows (27) . RyR2s in HEK293 cells should be in a closed or a low activity state at the resting cytoplasmic Ca 2ϩ concentrations; therefore, they would not be activated by ryanodine, because ryanodine interacts only with the channels in the open state (23, 28) . The first caffeine stimulation activated RyR2 channels to open, and these opened channels then became modified by ryanodine, which locked them in a fully open state and depleted the intracellular Ca 2ϩ stores, thereby eliminating additional Ca 2ϩ release with further caffeine stimulations. The drop in fluorescence after the second and third caffeine stimulations was caused by fluorescence quenching by caffeine (22, 27) . These results are similar to those observed with RyR2 wt -transfected cells (Fig. 3, C and  D) . The somewhat greater fluorescence increase that was obtained for RyR2 wt can be accounted for by the lower levels of expression routinely obtained for RyR2 (23, 28) , and the binding of ryanodine to RyR is also dependent on Ca 2ϩ concentration (29, 30) . As shown in Fig. 4A , RyR2 D4365-GFP shows high ryanodine binding affinity; the K d and B max values are 1.52 Ϯ 0.11 nM (mean Ϯ S.E., n ϭ 3) and 0.28 Ϯ 0.04 pmol/mg protein (n ϭ 3), respectively, which are similar to the values for RyR2 wt reported previously (31) . Also as shown in Fig. 4B , the EC 50 binding activity was detected in cell lysates that were transfected with either control (pCDNA3) vector DNA or no DNA. Thus, expressed RyR2 D4365-GFP not only retains high binding affinity for ryanodine, but this binding is also dependent on Ca 2ϩ concentration, both of which are properties of wild type RyR2. We conclude that the insertion of GFP at Asp-4365 has not significantly altered the calcium release function of RyR2 D4365-GFP .
The expressed RyR2 wt and RyR2 D4365-GFP were purified in a single step from detergent-solubilized HEK293 cell lysates by affinity chromatography using GST-FKBP12.6 as the affinity ligand (15) . Fig. 5A shows SDS-PAGE of the purified RyR2 wt and RyR2 D4365-GFP . A high molecular weight band was present in gel lanes for each of the purified proteins, and their content of RyR-derived epitopes was confirmed by Western blotting using a RyR-specific antibody (Fig. 5B) . The protein band corresponding to RyR2 D4365-GFP is also recognized by anti-GFP antibody (Fig. 5C ), confirming that GFP was indeed present in expressed RyR2 D4365-GFP .
Cryoelectron Microscopy and Three-dimensional Reconstructions of RyR2 wt and RyR2 D4365-GFP -For three-dimensional reconstruction, purified RyR2 wt and RyR2 D4365-GFP were preserved in a thin layer of vitreous ice, and images were recorded by cryo-EM. Fig. 6 shows typical electron micrographs of frozen-hydrated RyR2 wt and RyR2 D4365-GFP . Both micrographs show individual channels with apparently intact structure as assessed by comparison with previous work on RyRs isolated from natural sources (32, 33) . Fig. 7 shows two-dimensional averages of RyR2 wt and RyR2 D4365-GFP , computed using images of selected particles that were lying with their 4-fold symmetry axes oriented perpendicular to the carbon support film; these images were aligned by cross-correlation methods (34) . By visual inspection, the averaged images of RyR2 wt and RyR2 D4365-GFP appear nearly identical to averages determined previously for native RyR2 (not shown; see Ref. 33 ) except for the presence of additional regions of diffuse density at high radius and along each of the lateral margins of receptors (ϩ in Fig. 7, A and B) . This extra density is attributed to glutathione S-transferase (GST), which is fused to the FKBP12.6 that binds to RyR2 during the affinity purification. This interpretation is made by analogy to FIG. 4 the essentially identical densities that were observed previously in a study of RyR1⅐GST-FKBP12 complexes (35) . The diffuseness of these densities probably arises because of substantial flexibility in the linkage between the GST and FKBP12.6.
Subtraction of the two-dimensional average of RyR2 wt (Fig.  7A ) from that of RyR2 D4365-GFP (Fig. 7B) provides a difference map that should resolve the position of the GFP insertion and perhaps also conformational differences between the two averaged projection structures (Fig. 7C) . The brightest white areas shown in Fig. 7C correspond to the most significant positive densities, and these represent protein mass present in the RyR2 D4365-GFP but absent from RyR2 wt . These regions (one of which is highlighted by a circle in Fig. 7 , B and C) are located within the domains denoted by the numeral 3 (see three-dimensional structures shown in Figs. 8 and 9 ), also known as the "handle" domains (32, 35) . A statistical analysis (Fig. 7D) of the difference between the two averaged images indicates that these regions show significant differences at a confidence level greater than 99.9% (36). These differences almost certainly correspond to the additional mass contributed by the GFP insertion in RyR2 D4365-GFP . This interpretation is confirmed and more precisely mapped in the three-dimensional reconstructions as described below.
In Fig. 8, A and B, three-dimensional reconstructions of RyR2 wt and RyR2 D4365-GFP are displayed as surface representation in three principal orientations. The reconstructed structures consist of two major components: a large cytoplasmic assembly composed of at least 10 distinct domains (labeled by numerals) (32) and a small transmembrane assembly (labeled TA). The three-dimensional reconstruction of recombinant RyR2 wt is nearly identical to that of RyR2 purified from native cardiac muscle tissue (33) . For both the RyR2 wt and RyR2 D4365-GFP structures, the final resolutions were estimated to be 34 Å (see "Experimental Procedures").
Overall, the three-dimensional reconstructions of RyR2 wt and RyR2 D4365-GFP are very similar, but a closer examination reveals a significant difference (Fig. 9) . The thresholded difference map (shown in green) was obtained by subtraction of the three-dimensional volume of RyR2 wt from that of RyR2 D4365-GFP, and it is shown superimposed on the three-dimensional reconstruction of RyR2 wt (shown in blue). The GFP was inserted into each RyR2 protein monomer; since RyR2 is a tetramer composed of four identical monomers, the difference is thus repeated four times in the three-dimensional difference map. The main differences were located near the junctions of each domain 3 with the rest of the cytoplasmic assembly. We are confident that these differences are directly attributable to the excess mass contributed by the GFP insertion in the RyR2 D4365-GFP , primarily because they are the only differences that appear when the three-dimensional difference map is displayed at a density threshold nearly the same as used to display the RyR2 wt and RyR2 D4365-GFP structures. The calculated volume of each of the four difference features that are displayed in Fig. 9 corresponds to a molecular mass of 28 kDa, assuming a protein density of 1.37 g/cm 3 (32) ; this agrees well with the molecular mass of GFP. Other minor differences are small, both in volume and density, and are unlikely to correspond to GFP. Reassuringly, the locations of these major differences on the three-dimensional reconstruction are consistent with the projected locations of the major differences seen in the twodimensional analysis (Fig. 7) .
DISCUSSION
Of the three known isoforms of RyR, RyR1 is the easiest to purify from a natural source (skeletal muscle) in sufficient quantities and in a form that is suitable for biochemical and structural studies. RyR2 is enriched in cardiac muscle, from which purification of substantial amounts is feasible, but purified RyR2 has been more difficult than RyR1 to image by electron microscopy (33).
2 RyR3 is present at low levels in the brain and in smooth and striated muscle as well as other tissues, but it is usually co-expressed with the other isoforms, thus making its purification for biochemical and structural studies more challenging (37, 38) . For these reasons, most biochemical and structural studies have been performed on RyR1.
An alternative source of RyRs is from expression systems in which recombinant wild type or genetically modified RyR proteins can be produced from cDNAs. Because of the large size of the RyR polypeptide chain and the tetrameric structure of the native receptor, overexpression is not straightforward. Several laboratories, including our own, have successfully expressed functional RyRs in cultured cell lines (20 -23, 39 -42) . Previously, we expressed functional RyR3 and purified it in sufficient quantities to enable structural analysis by cryo-EM and three-dimensional reconstruction (15) . In the present study, we have shown that RyR2 can also be expressed in HEK293 cells and can be purified in sufficient quantities for biochemical and structural characterization. We were surprised that the purified recombinant RyR2 could be readily imaged by cryo-EM. In a previous study of RyR2 purified from cardiac sarcoplasmic reticulum, we found it necessary to rapidly dilute the receptor into a lipid-free buffer for cryo-EM, to preserve the tetrameric structure (33) . However, rapid dilution to remove lipids proved to be unnecessary for the recombinant RyR2. The reasons for this apparent difference in the stability of recombinant versus 2 Z. Liu, M. Sharma, and T. Wagenknecht, unpublished observation.
FIG. 7.
Two-dimensional averages of RyR2 wt and RyR2 D4365-GFP . A, two-dimensional average of RyR2 wt (n ϭ 269 particle images); B, two-dimensional average of RyR2 D4365-GFP (n ϭ 250 particle images); C, difference map obtained by subtracting A from B. The largest difference, corresponding to the additional mass of GFP insertion, is seen as bright white areas in the handle domains (one is circled); D, map of statistically significant regions of difference obtained by t test (36) ; the map is displayed at a Ͼ99.9% confidence level. There are small positive density regions surrounding the RyR2 particle next to the handle domains (marked ϩ); they are present in both the RyR2 wt and RyR2 D4365-GFP averages. These density features are attributed to the GST-FKBP12.6 that co-eluted with the purified RyR2 from the glutathione-Sepharose beads (35) . The width of each frame is 544 Å.
naturally expressed RyR2 are unknown, but potential contributory factors are the presence of a high level of glutathione (100 mM) and the presence of excess GST-FKBP12.6 in the buffer after affinity purification.
All three RyR isoforms have now been cloned and expressed in cultured cell lines (15, 20 -23, 39 -42) . Of the three recombinant RyRs that have been expressed in HEK293 cells by us, RyR2 has the highest expression level, whereas RyR1 has the lowest level. Typically, 20 -30 g of RyR2 can be purified in a single affinity step in less than a week from 80 cell culture plates (100-mm diameter) of transfected HEK239 cells.
The principal advantage of using recombinant RyR2 for biochemical and structural studies is the ability to make defined genetic modifications. We have illustrated the potential of this approach by creating RyR2 D4365-GFP , a modified RyR2 in which GFP is fused internally after Asp-4365 in the sequence of RyR2. Cryo-EM and a three-dimensional reconstruction of RyR2 D4365-GFP have revealed the location of the GFP to be within domain 3 (the handle domain), near its junction with domain 4 (Fig. 9) . Asp-4365 is contained within DR1, one of three segments within the RyR sequence that is highly divergent among the three RyR isoforms (14) . The divergent regions are thought to be largely responsible for the functional differences among the isoforms.
In light of the potential importance of domain 3, it might be regarded as fortuitous that the insertion of GFP in this region did not have major effects on the functioning of the channel. On the other hand, the particular site chosen for insertion, just after Asp-4365, is predicted to be surface-exposed and in a region that is not well conserved among the isoforms and therefore was considered likely to be in a noncritical region within the sequence. Further, the glycine-rich spacers that were placed at both termini of the GFP should provide a flexible linkage to RyR2, thereby minimizing disruption of RyR2's structure. We are hopeful that this strategy will be of general utility for future structural mappings of surface-exposed regions of RyR. Other peptides might serve just as well as GFP for this purpose or might even offer certain advantages, but the intrinsic fluorescence of GFP provides, as we have shown, a reporter of native structure for GFP itself and to some extent for RyR as well (43) . The fluorescence of GFP also offers the possibility of investigating structural changes and distance relationships (by fluorescence resonance energy transfer) as has been demonstrated recently for voltage-regulated ion channels (44, 45) .
The localization of Asp-4365 is consistent with a less precise localization of the DR1 region that we reported recently for RyR1 (46) . In that study, a monoclonal antibody that was raised against a 197-residue peptide corresponding to RyR1 amino acid residues 4425-4621, which are contained within DR1, was used to form immunocomplexes that were analyzed by cryo-EM and three-dimensional reconstruction. Just outside of this region is Asp-4413, which is analogous to Asp-4365 in RyR2. Three-dimensional reconstructions of the immunocomplexes revealed that the antibody bound to domain 3 of RyR1 at a position within ϳ20 Å of that found for the GFP insertion in this study. Thus, two independent studies have shown that a cytoplasmic portion of DR1 is contained, at least partially, within domain 3 of RyR. The current study is more informative, because it maps a single amino acid to a specific region of domain 3, whereas the earlier work employed an antibody whose epitope specificity within a 197-residue peptide antigen was unknown.
For each of the RyR isoforms, it has been hypothesized that the amino-terminal ϳ4,000 amino acid residues form the large cytoplasmic assembly, whereas the remaining ϳ1,000 carboxyl-terminal residues comprise the transmembrane regions (9 -13) (Fig. 1) . According to this model, DR2 and DR3 should be located in the cytoplasmic assembly, which is known to interact with regulatory ligands such as calmodulin, FK506-binding protein, and, for RyR1 and RyR2 in excitable cells, the voltagegated Ca 2ϩ channel (dihydropyridine receptor) on the plasma membrane (47) . DR1 is predicted to contain one of the membrane-traversing segments of RyR in all of the proposed models of the transmembrane topology (9 -12), specifically residues 4499 -4519 in RyR2, a segment that is some 134 residues downstream of Asp-4365, where the GFP was inserted in RyR2 D4365-GFP . However, it is still controversial as to how many transmembrane segments there are per protein monomer; 4-, 6-, and 10-segment models have been proposed (9 -12, 48) . All of the topology models place Asp-4365 in the cytoplasmic region of RyR, just as we have observed. Unfortunately, however, the localization of this residue to domain 3 does not help to discriminate among the different models. In future studies, we plan to insert GFP at locations that are predicted to occur in some of the other loops connecting successive transmembrane segments and then to determine by cryo-EM and three-dimensional reconstruction whether they are associated with the transmembrane or the cytoplasmic region of the receptor. These studies could unambiguously establish the transmembrane topology of RyR. Domain 3, the site found for Asp-4365 in this study, is apparently an important site of regulation. It seems to be the major structural link between the transmembrane and cytoplasmic assemblies (32) ; as such, it may also mediate conformational coupling between the cytoplasmic and transmembrane, channel-containing regions of the receptor. One indication of this is that calmodulin, a known modulator of RyR activity, has been localized by cryo-EM of RyR1-calmodulin complexes to domain 3 (49, 50) . Due to the high degree of homology between RyR1 and RyR2, we infer that calmodulin will be similarly positioned on the surface of RyR2 (51) . The region of the RyR2 sequence that is involved in binding of calmodulin is almost certainly in the vicinity of residues 3597-3604. Taken together with the results from this study, it suggests that residues within the interval 3597-4365 comprise domain 3, although we cannot exclude the possibility that some segments within this range may loop into regions outside of domain 3 (such as the transmembrane region, as is predicted by one of the models of the transmembrane topology) (10) . Another regulatory site that is likely to be located on domain 3 involves Glu-3987, which plays an important role in regulation of RyR2 by calcium ions (31) . Intriguingly, some of the recently discovered mutations of human RyR2 that contribute to sudden cardiac death (L3778F, G3946S, N4104K, Q4201R, and R4497C) lie in the DR1 and regions upstream of DR1 that we believe define domain 3 (4 -6).
We anticipate that a comprehensive study by cryo-EM of GFP insertions (or insertions of other peptides) at surfaceexposed residues of the RyR will allow us to define which amino acid residues comprise the 10 or more domains that comprise the cytoplasmic assembly, as well as to decipher the organization of the transmembrane segments. An alternative strategy is to perform cryo-EM on immunocomplexes formed from RyRs and sequence-specific antibodies. However, obtaining a battery of high affinity antibodies that recognize regions of the RyR sequence at sufficiently fine intervals across the receptor's entire ϳ5,000-amino acid sequence would be an arduous undertaking. Alternatively, the GFP insertion method, as we have demonstrated here, has the significant advantage that the design and construction of RyR cDNAs containing GFP insertions and the expression and subsequent purification of recombinant RyRs can be achieved much more rapidly than could the raising of sequence-specific antibodies. A logical starting point for these studies would be to focus on those putative surface-exposed residues that are of functional importance, such as those thought to be involved in regulation by the numerous small molecule (e.g. Ca 2ϩ , Mg 2ϩ , and NO) and large molecule (e.g. calmodulin, FK506-binding protein, protein kinases, and phosphatase) ligands that are thought to interact with RyR2. Mapping of regions that have been determined to be involved in diseases of skeletal and cardiac muscle are also of great interest. Until atomic models become available for RyRs, an achievement that is likely to be years in the future, studies along the lines proposed offer an alternative strategy by which to correlate structure and function for this important but structurally complex class of intracellular Ca 2ϩ channels.
